Atherosclerosis in patients with type 2 diabetes is characterized by endothelial dysfunction associated with impaired flow-mediated dilatation (FMD) and increases retrograde and oscillatory shear. The present study investigated endothelium-dependent vasodilatation and shear rate in patients with type 2 diabetes at baseline and follow-up after 12 weeks of low-volume highintensity interval training (LV-HIIT) or continuous moderate-intensity training (CMIT). Seventyfive sedentary patients with type 2 diabetes and untreated pre-or stage I hypertension were randomly divided into LV-HIIT, CMIT and control groups. The LV-HIIT group intervention was 12 intervals of 1.5 min at 85-90% maximal heart rate (HR max ) and 2 min at 55-60% HR max . The CMIT group intervention was 42 min of exercise at 70% HR max for three sessions per week during 12 weeks. High-resolution Doppler ultrasound was used to measure FMD, arterial diameter, anterograde and retrograde blood flow, and shear rate patterns. Brachial artery FMD increased significantly in the LV-HIIT group (3.83 ± 1.13 baseline, 7.39 ± 3.6% follow-up), whereas there was no significant increase in the CMIT group (3.45 ± 0.97 baseline, 4.81 ± 2.36% follow-up) compared to the control group (3.16 ± 0.78 baseline, 4.04 ± 1.28% follow-up) (P < 0.05). Retrograde shear in the LV-HIIT group decreased significantly (P < 0.05), and no significant decrease in retrograde shear was seen in the CMIT group. Anterograde shear after LV-HIIT increased significantly (P < 0.05) but was unchanged in the CMIT group. However, oscillatory shear index in both exercise groups decreased significantly (P = 0.029). Nitrite/nitrate (NOx) level increased in both exercise groups, but the increase was greater in the LV-HIIT group (P < 0.001). The results indicate that by increasing NOx, HIIT decreases the oscillatory shear-induced improvement in FMD and outward artery remodelling in patients with type 2 diabetes.
INTRODUCTION
Type 2 diabetes (T2D) is a metabolic disease characterized by chronic hyperglycaemia resulting from insulin resistance. Chronic hyperglycaemia in T2D is associated with a wide range of complications such as retinopathy, neuropathy, nephropathy and cardiovascular disease (CVD) (American Diabetes Association, 2010) . Middle-aged people and older adults with T2D have a 2-to 5-fold greater risk of CVD c 2018 The Authors. Experimental Physiology c 2018 The Physiological Society than non-diabetic individuals (Hadi & Al Suwaidi, 2007) . Endothelial dysfunction occurs early in the progression of the atherosclerotic process, and is characterized by impaired endothelium-dependent vasodilatation (Neunteufl et al., 2000; Perticone et al., 2001 ).
The endothelial dysfunction plays a key role in the pathogenesis of atherosclerotic vascular disease by promoting inflammation, thrombosis, arterial stiffness, and impaired regulation of arterial tone and flow (Beckman, Paneni, Cosentino, & Creager, 2013; Widlansky, 
New Findings

• What is the central question of this study?
Can low-volume high-intensity interval training and continuous moderate-intensity exercise modulate oscillatory and retrograde shear, blood flow and flowmediated arterial dilatation in patients with type 2 diabetes?
• What is the main finding and its importance?
Low-volume high-intensity interval training, by increasing anterograde shear and decreasing retrograde shear and oscillatory index, can increase nitric oxide production and consequently result in increased flow-mediated dilatation and outward arterial remodelling in patients with type 2 diabetes.
Gokce, Keaney, & Vita, 2003) . It was recently found that shear stress is an essential factor with an important effect on endothelial phenotype and function (Johnson, Mather, & Wallace, 2011) . The evidence suggests that increasing levels of retrograde shear stress have proatherogenic effects on the endothelium (Johnson & Wallace, 2012; . Experimental studies suggest that when arterial regions are chronically exposed to high retrograde shear, the distribution of atherosclerotic lesions increases by 3-fold, and endothelium-dependent flow-mediated dilatation (FMD) decreases (Tremblay, Thom, Yang, & Ainslie, 2017) . Previous studies elucidated an inverse relationship between retrograde shear rate (SR) and brachial artery endothelial function (Thijssen, Dawson, Tinken, Cable, & Green, 2009 ). In addition, retrograde shear pattern is associated with increased endothelin-1 and reactive oxygen species, and decreased endothelial nitric oxide synthase (eNOS) mRNA (Johnson & Wallace, 2012) . Regular exercise training is believed to confer cardioprotection by reducing cardiovascular risk factors (Kadoglou et al., 2013; Pedersen & Saltin, 2006) . However, the improvements in cardiovascular risk factors explain only approximately half of the risk reduction associated with exercise (Mora, Cook, Buring, Ridker, & Lee, 2007) . The unexplained benefits of exercise may be related to vascular health, especially improvements in endothelial function (Joyner & Green, 2009) . Exercise training enhances consecutive changes in blood flow and shear stress, which in turn provide the necessary stimulus for vascular adaptation (D. J. Green, Spence, Halliwill, Cable, & Thijssen, 2011) . Research in patients with T2D found that exercise training increased FMD in the brachial and popliteal artery (Francois & Little, 2017; Madsen, Thorup, Overgaard, Bjerre, & Jeppesen, 2015) .
Type 2 diabetes is associated with endothelial dysfunction as well as elevated retrograde SR (Gibbs et al., 2011) . Increased SR is one of the key mechanisms that affect endothelial function (Sales et al., 2014) .
Changes in blood flow and SR in conduit arteries of inactive limbs after acute exercise reflect adaptive vascular functioning induced by exercise (Iwamoto, Bock, & Casey, 2018) .
The evidence to date suggests that exercise training impacts vascular structure and function, as well as changes in vascular endothelium phenotype (Madsen et al., 2015) . Previous studies showed that aerobic exercise improved endothelial function in patients with T2D (Gibbs, Dobrosielski, Bonekamp, Stewart, & Clark, 2012; Pedersen & Saltin, 2006; Schreuder, Green, Nyakayiru, Hopman, & Thijssen, 2015) .
One recent study showed that high-intensity exercise was superior to low-intensity exercise in improving FMD response in patients with T2D (Silva et al., 2016) . Therefore, higher-intensity exercise is effective in improving vascular function. In addition, high-intensity interval training (HIIT) was found to be superior to moderate-intensity continuous exercise in improving health parameters in patients with cardiovascular problems (Currie, Dubberley, McKelive, & MacDonald, 2013; Izadi, Afousi, Fard, & Bigi, 2018; Molmen-Hansen et al., 2012) .
However, different HIIT protocols (in terms of intensity, stage duration, nature of the recovery and the number of intervals) may have different effects in patients with T2D. The HIIT parameters, including work/recovery intensity and interval duration, are important factors in training effectiveness, as manipulating these parameters alters the duration of exercise at high percentage values ofV O 2 peak (Guiraud et al., 2012) . However, the mechanisms responsible for the effect of HIIT on vascular function in patients with T2D have not been completely explained.
At present there is little evidence on the effect of exercise intensity on brachial artery SR and FMD in patients with T2D. In the present study, we hypothesized that low-volume HIIT may improve endothelial function in these patients. To test our hypothesis, we assessed FMD, SR and biochemical indices in a sample of patients with T2D.
METHODS
Ethical approval
The study protocol was approved by the Ethics Committee of Tehran University (approval no. IR.UT.Rec.1395002) and conformed to the standards set by the Declaration of Helsinki (2013) , and is registered at https://www.irct.ir (IRCT2015100423002N2). All patients provided written informed consent prior to participating in the study.
Participants and study design
Patients were referred to the Diabetes and Metabolic Diseases Clinic of Shariati Hospital, Tehran, between May 2015 and April 1, 2016, where they were evaluated and enrolled if they were eligible for this study (Figure 1 ). The inclusion criteria were: type 2 diabetes (i.e. blood glucose level >7 mmol l −1 as defined by the American Diabetes Association, 2010), glycosylated haemoglobin (HbA 1c ) above 6%, age 45-60 years, pre-or stage I hypertension or treated hypertension (systolic blood pressure 120-159 mmHg, diastolic blood pressure 80-99 mmHg), a history of diabetes of at least 2 years, and no exercise training in the previous 6 months. The LV-HIIT Group (n=18) (9 females, 9 males) CMIT Group (n=17) (7 females, 10 males) F I G U R E 1 Flow chart of participant recruitment in each arm of the study chronic heart failure, cardiac arrhythmia, uncontrolled blood pressure (<170 (100 mmHg) −1 ), insulin therapy, functional limitations (such as osteoarthritis), liver or kidney disease, and smoking. At the beginning of the study, the participants were randomly assigned to one of three groups: low-volume HIIT (LV-HIIT), continuous moderateintensity training (CMIT), or control (CTR). Randomization was by block randomization with a block size of four.
Body mass index (BMI), resting systolic blood pressure (SBP) and resting diastolic blood pressure (DBP) were measured at the beginning and end of the 12-week intervention after 1 h of rest in the supine position. Resting BP was measured after 20 min of rest in the supine position with a sphygmomanometer (Beurer GmbH, Ulm, Germany).
Heart monitoring (Polar Beat, Polar Electro, Kempele, Finland) was performed at the beginning and at the end of the intervention. Fasting blood samples were obtained at the beginning and at the end of the exercise training period (between 09.00 and 10.00 h) to evaluate nitrite/nitrate (NOx) levels.
Exercise test
All participants were asked to refrain from strenuous physical activity and the consumption of caffeine or tobacco for 24 h before the exercise test. They consumed their last meal at least 2 h before the beginning of the exercise test.V O 2 peak and maximal heart rate (HR max )
were measured 1 week before the exercise training intervention and 1 week after the last exercise session, by incremental exercise test on an ergometer cycle with a facemask and the breath-by-breath technique (ZAN 600CEPT, Ergorespiratory, ZAN Mesgerate GMbH, Oberthulba, Germany). This test was done between 09.00 and 17.00 h at a room temperature of 24-26 • C. One week before the exercise test, each participant underwent a similar short-duration, low-intensity exercise test to familiarize themselves with the testing procedures.
The workload in the incremental cycle exercise test was initially set at 30 W for men and 20 W for women, for 2 min, and power output was increased every 1 min by 10 W until the participant could not continue and maintained a fixed pedalling frequency of 40 rpm.V O 2 peak was recorded as the highest 30 s average value ofV O 2 during the exercise test according to the following criteria: (1) peak respiratory exchange ratio ≥1.1, (2) 90% of the age-predicted maximum heart rate (208-0.7 × age) and (3) plateau inV O 2 despite the increase in work load.
Exercise intervention
All participants took part in an exercise training programme three times a week for 12 weeks between 09.00 and 12.00 h. Each training session ended with a cool-down period of 10 min at 40% of HR max . The ergometer bicycle velocity was continually adjusted during the intervention period to ensure that every session was carried out at the desired HR max throughout the 12-week training period. To ensure the appropriate intensity, all participants wore a heart rate monitor (Polar Beat, Polar Electro, Kempele, Finland) during each exercise session. Participants in the control group were encouraged to maintain their daily activities without exercise training during the 12-week period. Additionally, participants in all three groups were advised to maintain their usual food intake during the 12-week intervention period. were recorded at the end-diastolic phase, and all measurements were conducted by an experienced ultrasound specialist who was blinded to the patients' history.
Measurement of brachial artery flow-mediated dilatation
Data analysis
Brachial artery diameter and SR before and after the intervention were analysed with custom-designed edge-detecting and wall-tracking 
Blood sample analyses and anthropometric assessment
All samples before and after exercise training were collected after an overnight fast. Because plasma NOx levels can be affected by diet, we verified that participants had not consumed any highnitrate/nitrate foods during the 48 h before blood sampling. Fasting blood samples were obtained from the brachial artery between 09.00 and 11.00 h, 48 h after the last exercise training session. All blood samples were drawn into a lithium heparin tube, and were immediately Participants' height was measured with a stadiometer (SECA, Hamburg, Germany) and weight was recorded from a calibrated electric digital scale (AMZ 12; Tokyo, Japan) while they were wearing light clothes but no shoes. BMI was calculated as weight (kg) divided by height (m 2 ). Waist circumference was measured at the midline between the last rib and the iliac crest.
Statistical analysis
All statistical analyses were done with SPSS statistical software (version 16.0; SPSS Inc., Chicago, IL, USA), and the results were expressed as the mean ± SD unless otherwise stated, with a significance level (for two-tailed tests) of P < 0.05. The Shapiro-Wilk test was used to verify normality of the data distribution. The chisquare test was used to investigate differences between medicationrelated variables. Mixed ANOVA (within-subject and between-group) (time × group) repeated measures analysis was used to evaluate the differences between groups and between two time points. One-way ANOVA was used to compare the changes in variables from baseline between groups. The relationships between FMD% and NOx, V O 2 peak , HR max , LDL, HDL, triglycerides (TG), HOMA-IR and SR AUC were assessed with Pearson's correlation coefficient.
RESULTS
The flowchart for study sample recruitment is shown in Figure 1 .
Participants' characteristics and medication therapy are shown in Table 1 . No significant differences between groups were observed in demographic characteristics or medication at baseline. Also, there were no significant changes in body weight, BMI or waist circumference after the 12-week training intervention ( Table 2 ). The data for absolute changes indicated that weight and BMI no significant difference between groups (Table 3) .
Cardiorespiratory fitness
There was a significant interaction inV O 2 peak (Table 2 , P = 0.021). We found a significant difference inV O 2 peak between baseline and followup after 12 weeks of exercise training in both intervention groups (P = 0.01). The data for absolute changes indicated thatV O 2 peak in the LV-HIIT group increased more than in the CMIT group (P < 0.005) ( Table 3 ). The duration of exercise and HR max after the intervention increased in both intervention groups (P < 0.05). Post hoc analysis showed that HR max in the LV-HIIT group increased more (P < 0.05) than in the CMIT group, and there was no significant difference between groups in the duration of exercise. Absolute change data indicated that HR max and the duration of exercise increased in both exercise groups (P < 0.001) ( Table 3) .
Clinical parameters
There was no significant group × time interaction in DBP or SBP (Table 2 , P = 0.096 and 0.166, respectively). The absolute changes in SBP and DBP showed significant decreases in the exercise groups compared to the CTR group (P < 0.001). However, post hoc analysis showed no significant differences between groups.
Fasting plasma glucose, insulin and HOMA-IR improved in the intervention groups in comparison to the CTR group (Table 2, P < 0.05).
Post hoc analysis showed no significant differences for fasting plasma glucose or HOMA-IR between groups. Plasma insulin levels in the LV-HIIT group decreased more than in the CMIT group (P < 0.05).
Nevertheless, the absolute change in glucose, insulin and HOMA-IR reflected significant decreases in the exercise groups, albeit with no significant difference between them (Table 3, P < 0.005). Plasma HDL concentration increased after exercise training in the intervention groups (P = 0.017), and post hoc analysis showed that this increase was significantly greater in the LV-HIIT group than in the CMIT group (Table 2) . However, there were no significant differences between the two intervention groups in LDL cholesterol, triglycerides or total cholesterol. Absolute change data showed that the changes in triglycerides and HDL cholesterol differed significantly between the LV-HIIT and CMIT groups (P < 0.05) ( Table 3) .
Endothelial function
The baseline and follow-up endothelial function data are shown in Table 2 . According to the results of mixed between-within ANOVA, there was no significant interaction for baseline brachial artery diameter after the 12-week intervention (P = 0.143). A significant group × time interaction was seen for peak brachial artery diameter (P = 0.031). Compared to the baseline value, peak diameter increased significantly in both exercise groups (main effect for time, P < 0.05), and post hoc analysis showed no significant difference between groups (Table 2 ). The change in FMD from baseline demonstrated a significant interaction (P = 0.014). At the end of the 12-week exercise intervention, FMD changes from baseline increased (main effect for time, P < 0.001). Post hoc analysis showed that the FMD increase from baseline was greater in the LV-HIIT group than the CMIT group (P < 0.005).
Similarly, a significant group × time interaction was seen for FMD% (P = 0.030). Compared to the baseline value, FMD increased in both exercise groups (main effect for time, P < 0.003). Post hoc analysis showed a significantly larger increase in the LV-HIIT group (P < 0.005) compared to the CMIT group (Table 2) . After the 12-week exercise intervention, SR AUC increased in both exercise groups (group × time interaction, P = 0.044). Compared to baseline, SR AUC increased in the exercise groups (main effect for time, P = 0.005). Plasma NOx level also increased significantly after the exercise intervention in both exercise groups (P = 0.005), and post hoc analysis showed that the increase was greater in the LV-HIIT group (P < 0.005) than in the CMIT group (Table 2) . However, the absolute changes in NOx showed that the TA B L E 1 Clinical characteristics of patients with type 2 diabetes at baseline Control group (n = 17) LV-HIIT group (n = 18) CMIT group (n = 17) P increase in the LV-HIIT group was more significant than in the CMIT group (Table 3 , P < 0.001).
Anterograde and retrograde blood flow showed a significant and mean SR showed a significant group × time interaction (P = 0.02 and 0.032, respectively). At the end of the intervention, mean blood flow and mean SR increased (main effect for time, P < 0.05). Post hoc analysis showed that mean blood flow in the LV-HIIT group (P < 0.005) increased more than in the CMIT group. Post hoc analysis of mean SR indicated that the increase was greater in the LV-HIIT group (P < 0.005) than in the CMIT group (Figures 2c,d ). After the exercise intervention, OSI was significantly reduced in both groups (P < 0.05) (Figures 2e).
Correlation of FMD% with NOx and cardiovascular disease risk factors
We observed that FMD% was associated with NOx and CVD risk factors. Specifically, in the LV-HIIT group the increase in FMD% was associated with increased NOx (r = 0.745, P = 0.001),V O 2 peak (r = 0.766, P = 0.01), HR max (r = 0.599, P = 0.009) and HDL cholesterol (r = 0.708, P = 0.002). In this group, increased FMD% was also associated with decreased LDL cholesterol (r = −0.716, P = 0.001), triglycerides (r = −0.727, P = 0.005) and HOMA-IR (r = −0.535, P = 0.022). In the CMIT group, increased FMD% was associated with increased NOx (r = 0.754, P = 0.001) and HR max (r = 0.766, P = 0.001) (Table 4) .
DISCUSSION
The main finding of this study is that 12 weeks of LV-HIIT led to Although both LV-HIIT and CMIT increasedV O 2 peak , the magnitude of enhancement was significantly greater in the LV-HIIT group (Table 2) . Cardiorespiratory fitness in patients with T2D is lower compared to their counterparts without diabetes even in the absence of often accompanying CVD (Regensteiner, Sippel, McFarling, Wolfel, & Hiatt, 1995) . Previous work has shown that HIIT training was more efficient than traditional exercise training in improving cardiorespiratory fitness (CRF) in people with chronic disease Wisløff et al., 2007) . The low CRF in patients with T2D is an important predictive factor for cardiovascular mortality. Exercise training can prevent cardiovascular mortality by enhancing CRF (Myers et al., 2002) . However, it was also shown that the intensity of exercise training is the most important factor in CRF improvement (Wisløff et al., 2007) . Stroke volume is the main cause of limited CRF.
In 
TA B L E 3 Absolute change in exercise test variables, haemodynamic and vascular measures
Control group (n = 17) LV-HIIT group (n = 18) CMIT group (n = 17) P Data are presented as means ± SD. CMIT, continuous moderate-intensity training; DBP, diastolic blood pressure; FMD, flow-mediated dilatation; HDL, highdensity lipoprotein; HOMA-IR, homeostatic model assessment by insulin resistance; HR max , maximal heart rate; LDL, low-density lipoprotein; LV-HIIT, lowvolume high-intensity interval training; NOx, nitrite/nitrate; SBP, systolic blood pressure;V O 2 peak , peak oxygen uptake. P value for one-way ANOVA. a P < 0.05 vs. Control b P < 0.005 vs. Control c P < 0.05 vs. CMIT d P < 0.005 vs. CMIT high and low intensities, thus creating a greater challenge for the heart and improving CRF through high-pumping ability-induced intervals (Tjønna et al., 2008) . Previous studies demonstrated that short intervals of HIIT with a work/recovery ratio of 0.75 with a higher mean intensity, lower meanV O 2 and low perceived exertion were associated with higher exercise session compliance for CVD (Guiraud et al., 2010 (Guiraud et al., , 2012 .V O 2 peak is not only a major indicator of functional capacity in patients with diabetes and CVD, but also an important predictor of insulin-stimulated glucose uptake rate (Seibaek et al., 2003) .
The levels of fasting plasma glucose, insulin and HOMA-IR in both training groups in the present study were significantly reduced compared to the CTR group. These findings are consistent with previous reports that aerobic training resulted in optimal glycaemic control in patients with T2D (Gibbs et al., 2012; Kadoglou et al., 2013; . Improved glycaemic control is associated with increased CRF in these patients (Mitranun, Deerochanawong, Tanaka, & Suksom, 2014) . The improved glycaemic control induced by HIIT appears to be related to increased insulin signalling, insulin-stimulated glucose disposal rate, glucose transporter protein (GLUT4) level and local factors associated with exercise training (Little et al., 2011) .
The response of blood flow to submaximal exercise training was significantly lower in patients with T2D than in healthy individuals (Kadoglou et al., 2013; Lenk, Uhlemann, Schuler, & Adams, 2011; Mora et al., 2007) . A few studies have investigated the effect of HIIT on endothelial function in these patients. Mitranun et al. (2014) reported that HIIT (4-6 × 1 min intervals at 85-90% HR max , interspersed with 3 min 50-60% HR max , three session per week for 12 weeks) compared to moderate-intensity continuous training (MICT) (60-70% HR max ) led to greater FMD improvements (7.4 ± 0.9 vs. 6.1 ± 1.8) in patients with T2D. In another study, Madsen et al. (2015) showed that after lowvolume HIIT, FMD increased more in healthy persons (41%) than in patients with T2D (23%). In the present study, we showed that HIIT led to increased FMD in patients with T2D. Notably, however, the absolute change in FMD was significantly greater in our LV-HIIT group than the CMIT group. The former type of training thus appears to play an important role in FMD changes. Conversely, although previous studies reported that both aerobic exercise and LV-HIIT increased FMD, LV-HIIT was suggested to be superior to traditional exercise training in terms of enhancing endothelial function in patients with coronary artery disease, hypertension or heart failure (Currie et al., 2013; Molmen-Hansen et al., 2012; Wisløff et al., 2007) .
The underlying factors that modulate changes in endothelial vasodilatation after HIIT are unclear. However, the systemic nature of exercise, e.g. duration of the interval, work/recovery ratio, high-low intensity fluctuations, local and hormonal stimuli, may all affect endothelial function. Intensity appears to be an important factor that influences FMD. Previous studies showed that a mean intensity of HIIT (high-intensity periods + low-intensity periods/duration of highand low-intensity periods) greater than 75% HR max /HR peak may be related with a greater increase in FMD. As Currie et al. (2013) have shown, HIIT 10 × 1-min intervals at 80-104% peak power output interspersed with 1-min intervals at 10% peak power output (mean intensity = 51) was not significantly different from CMIT at 51-60% peak power output (6.10 ± 3.40% vs. 5.90 ± 3.60% for FMD). However, Wisloff et al. (2007) reported that HIIT (4 × 4-min intervals at 90-95% HR peak interspersed with 3-min intervals at 50-70% HR peak , three sessions per week for 12 weeks) led to an increase of 11.58 ± 1.5% vs.
8.34 ± 1.7% compared MICT (70-75% HR peak ). Duration of the intervals is another factor of HIIT that may be associated with increased FMD in patients with T2D. Wisloff et al. (2007) and Molmen-Hansen et al. (2012) demonstrated that HIIT for 4 min at high intensity and 3 min at low intensity led to increases in FMD of 10-15%. However, the present findings showed that HIIT for 1.5 min at high intensity and 2 min at low intensity was associated with a >90% increase in FMD.
In this study, anterograde blood flow, mean blood flow, anterograde SR, mean SR and SR AUC increased after LV-HIIT training. Moreover, retrograde blood flow, retrograde SR and OSI declined significantly after LV-HIIT training.
In a previous study, it was shown that endurance training improved FMD in older adults, associated with reduced retrograde shear and OSI in conduit vessels (Casey, Schneider, & Ueda, 2016) . Improved shear patterns induced by exercise training are a possible mechanism for endothelium-dependent vasodilatation (Padilla et al., 2011) .
Brachial artery diameter increased significantly after the 12-week intervention in both exercise groups, although, there was no significant time × group interaction. Madsen et al. (2015) reported that popliteal artery diameter increased after 8 weeks of LV-HIIT in patients with T2D and healthy people. Another study showed that the increase in brachial artery diameter in persons with metabolic syndrome was greater after 6 weeks of HIIT than with low-intensity exercising (da Silva et al., 2012) . However, many previous studies found that brachial artery diameter was unaltered after exercise (Gibbs et al., 2012; Maiorana et al., 2001) . In the present study, peak diameter increased after the exercise intervention. Although FMD in our CMIT and CTR groups was unaltered compared to baseline, it increased significantly after LV-HIIT. Moreover, the absolute change in FMD compared to baseline values was significantly greater in our LV-HIIT group compared to the CTR and CMIT groups (Table 3 ).
Our findings indicated that LV-HIIT stimulated outward arterial remodelling in patients with T2D. According to earlier research, the reduced oscillatory SR induced by exercise training was associated with increased outward arterial remodelling (Casey et al., 2016) . In this connection is should be noted that the increase in sympathetic nervous system tone and stressor hormone levels are important factors in the increased inward arterial remodelling (Naylor, Weisbrod, O'Driscoll, & Green, 2005) . Increases in OSI and retrograde SR have been linked predominantly to the reduction in brachial artery diameter . We found that HIIT both reduced OSI shear and improved outward arterial remodelling in our patients with T2D.
The mechanisms by which HIIT training improves endothelial function and shear patterns in patients with T2D are not fully understood. Nevertheless, studies have shown that HIIT can decrease catecholamine levels and -adrenergic receptor density, and increase NO production and NO bioavailability (Casey et al., 2016; Wisløff et al., 2007) . Increased retrograde blood flow and OSI in the brachial artery of young adults were reported after the acute inhibition of NO synthesis (Padilla et al., 2011) . A review study noted that increased oscillatory flow patterns in cultures of endothelial cells led to pro-atherogenic gene expression and decreased NO bioavailability (Laughlin, Newcomer, & Bender, 2008) . Oxidative stress is an important pathway in the development of vascular endothelial dysfunction in patients with T2D. The end-products of glycation lead to the production and release of reactive oxygen species, which in combination with NO favour peroxynitrite production. This process results in reduced NO bioavailability (Potenza et al., 2005) . Our findings in patients with T2D showed that NOx increased significantly after HIIT. This study has several limitations. First, the percentage of exercise training adherence was rather low, at 70%. Second, participants were allowed to take several medications (including statins and metformin) which can affect vascular health and may have limited the effect of exercise training. Third, we did not investigate time-dependent adaptations in FMD and SR. Previous studies indicated that some participants with T2D do not exhibit a vasodilatory response during FMD testing (Gibbs et al., 2012; Pedersen & Saltin, 2006; . In addition, it was reported that baseline and peak brachial diameter and FMD in healthy young adults showed different patterns of adaptation after 2, 4, 6 and 8 weeks of exercise training . Lastly, oxidative stress and circulatory markers of inflammation play a role in the atherosclerotic process. However, the lack of financial resources precluded us from investigating these two factors.
Conclusion
We investigated the effect of 12 weeks of LV-HIIT and CMIT on flow-mediated dilatation, shear rate and haemodynamic factors in patients with type 2 diabetes. After HIIT, flow-mediated dilatation increased, as did NO bioavailability, whereas retrograde shear and oscillatory shear index decreased. In addition, arterial remodelling increased significantly after HIIT training. The amelioration of endothelial dysfunction in patients with type 2 diabetes was mediated in part by increased NO production and improved shear patterns.
